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Abstract—We report Nd and Sm isotopic compositions of four samples of Ryugu returned by
the Hayabusa2 mission, including “A” (first touchdown) and “C” (second touchdown) samples,
and several carbonaceous chondrites to evaluate potential genetic relationships between Ryugu
and known chondrite groups and track the cosmic ray exposure history of Ryugu. We resolved
Nd and Sm isotopic anomalies in small (<20 ng Nd and Sm) sample sizes via thermal
ionization mass spectrometer using 10'* Q amplifiers. Ryugu samples exhibit resolvable
negative p'**Nd values consistent with carbonaceous chondrite values, suggesting that Ryugu is
related to the parent bodies of carbonaceous chondrites. Ryugu’s negative u'*’Sm values are
the result of exposure to galactic cosmic rays, as demonstrated by the correlation between
159Sm/'52Sm and '*’Sm/'>2Sm ratios that fall along the expected neutron capture correlation
line. The neutron fluence calculated in the “A” samples (2.75 + 1.94 x 10" n cm ) is slightly
higher compared to the “C” samples (0.95 + 2.04 x 10'> n cm2), though overlapping within
measurement uncertainty. The Sm results for Ryugu, at this level of precision, thus are
consistent with a well-mixed surface layer at least to the depths from which the “A” and “C”
samples derive.
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INTRODUCTION

Carbonaceous chondrites are primitive undifferentiated
meteorites that have been linked to C-type asteroids based
on spectral characteristics, but direct comparisons of
petrologic, chemical, and isotopic properties in the
laboratory were impossible until recently. The JAXA
Hayabusa?2 spacecraft was launched in 2014 with the goal
of collecting samples from the Cb-type near-Earth asteroid
(162173) Ryugu and returning them to Earth to study
the nature of C-type asteroids and evaluate possible
relationships  with carbonaceous chondrites. Remote
observations of Ryugu from the Hayabusa2 spacecraft
revealed that Ryugu appeared darker (Kitazato et al., 2019;
Sugita et al., 2019) and more porous (Grott et al., 2019;
Okada et al., 2020) than carbonaceous chondrites, but these
characteristics may reflect space weathering and impact
gardening and reinforce the need for laboratory analyses of
returned samples to elucidate the relationship between
carbonaceous chondrites and Ryugu.

The Hayabusa2 mission returned a total mass of 5.4 g
of material (Tachibana et al.,, 2022) to Earth in 2020.
Subsequent laboratory investigations have studied the
petrologic, chemical, and isotopic composition of the
returned Ryugu samples. Petrologic analyses demonstrated
that Ryugu samples are mixtures of fine- and coarse-
grained fragments, with few Ca-Al-rich inclusions (CAls)
or chondrules present (Nakamura et al., 2022). Analyses
of bulk elemental abundances revealed no systematic
depletions relative to CI chondrites as a function of
volatility, unlike other carbonaceous chondrite groups,
indicating that Ryugu samples may be related to CI (Ivuna-
like) chondrites (Yokoyama et al., 2023). The relationship
between Ryugu samples and carbonaceous chondrites, and
more specifically CI chondrites, is further supported by Ti
and Cr (Yokoyama et al., 2023), Fe (Hopp et al., 2022), Cu
and Zn (Paquet et al., 2022), Ca (Moynier et al., 2022), and
O (Kawasaki et al., 2022; Yokoyama et al., 2023) isotopic
compositions and >*Mn->>Cr dating of aqueous alteration
(McCain et al., 2023; Yokoyama et al., 2023).

The Sm-Nd isotope system is another valuable tool for
sample and parent body characterization as it can provide
chronological information and can help distinguish between
different meteorite groups. Furthermore, the sensitivity of
19Sm to thermal neutron capture can be used to deduce the
history and conditions of cosmic ray exposure (CRE).
Carbonaceous chondrites exhibit an approximately 30 ppm
deficit in '**Nd/'*Nd ratios compared to terrestrial rocks
and are isotopically distinct from enstatite and ordinary
chondrites where the 'Nd/'Nd deficit compared to
terrestrial Nd is mostly in the range of 10-20 ppm
(Andreasen & Sharma, 2006; Bouvier & Boyet, 2016; Boyet
& Carlson, 2005; Boyet et al., 2018; Burkhardt et al., 2016;
Carlson et al., 2007, Frossard et al., 2022; Fukai &

Yokoyama, 2017, Gannoun et al., 2011; Johnston et al.,
2022; Saji et al., 2020). As this deficit in "*Nd/"*Nd is
accompanied by elevated '**Nd/'*Nd, '®Nd/'"*Nd, and
1ONd/'"Nd ratios, the isotopic variations are best
interpreted as nucleosynthetic in origin, reflecting a deficit
in s-process Nd isotopes in carbonaceous chondrites
compared to terrestrial Nd (Burkhardt et al., 2016; Carlson
et al.,, 2007, Fukai & Yokoyama, 2017; Gannoun et al.,
2011; Qin et al., 2011; Saji et al., 2020) along with some
additional contribution to '*Nd from the radioactive
decay of short-lived '*Sm in an Earth reservoir with
superchondritic Sm-Nd ratio (Boyet & Carlson, 2005;
Frossard et al, 2022; Johnston et al, 2022).
Nucleosynthetic anomalies in Sm in carbonaceous
chondrites are expressed primarily as an approximately
50-100 ppm deficit in '**Sm/'*?Sm ratios that is also
distinct from those of enstatite and ordinary chondrites
(Andreasen & Sharma, 2006; Carlson et al., 2007;
Frossard et al., 2022). Apart from the '**Sm anomaly, the
main isotopic variability in Sm in extraterrestrial objects
is caused by thermal and epithermal neutron capture on
19Sm to create '"°Sm caused by exposure to galactic
cosmic rays (e.g., Russ et al., 1971). Neutron capture
products in meteorites can be used to characterize the
irradiation and exposure history of meteorite parent
bodies. In this work, we measured the Nd and Sm isotopic
compositions of six carbonaceous chondrites and four
samples of Ryugu to further evaluate potential genetic
relationships between Ryugu samples and known
chondrite groups, and to track the CRE history of Ryugu.

SAMPLES

The geological reference materials BCR-2 and
BHVO-2 and the Smithsonian Allende Reference Powder
were first processed and measured to verify the
performance of the separation and purification chemistry
methods and the accuracy and precision of the mass
spectrometry analyses. Six carbonaceous chondrites,
Allende (CV3), Murchison (CM2), Orgueil (CI1), Alais
(CIl), Tarda (C2-ung), and Tagish Lake (C2-ung), were
then analyzed followed by four Ryugu samples, A0106
and A0106-A0107 from the first touchdown and C0107
and CO0108 from the second touchdown (Table 1).

METHODS
Sample Preparation and Column Chemistry

With the exception of the Allende powder dissolved at
the Carnegie Institution for Science Earth and Planets
Laboratory (EPL), all meteorite and Ryugu samples were
first processed at Tokyo Institute of Technology following
procedures described in Yokoyama et al. (2023). The
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TABLE 1. Samples measured in this study, including the amount of Nd and Sm analyzed and the '*’Sm/'*Nd
ratios for each sample calculated from the Sm and Nd concentration data reported by Yokoyama et al. (2023) and

inferred from the measured "**Nd/'**Nd of each sample.

Sample Type Nd (ng) Sm (ng) 1479 m /144N d? 1478 m/ 144N d®
Geological reference materials

BCR-2 Terrestrial 50°¢ 13°

BHVO-2 Terrestrial 50°¢ 12°¢ 0.248

Meteorite samples

Allende! CV3 12.0 3.8 0.193 0.1925
Allende® CV3 18.0 5.9 0.188 0.1924
Alais CI1 7.2 2.3 0.193 0.1904
Orgueil CI1 8.7 2.9 0.203 0.2018
Murchison CM2 11.0 3.5 0.196 0.1946
Tarda C2-ung 11.0 3.6 0.193 0.1944
Tagish Lake C2-ung 10.0 3.3 0.194 0.1919
Ryugu samples

A0106 Ryugu 7.7 2.5 0.198 0.1955
A0106-A0107 Ryugu 11.0 3.4 0.194 0.1958
C0107 Ryugu 6.9 2.2 0.193 0.1908
C0108 Ryugu 9.2 3.0 0.196 0.1948

Values for '’Sm/'"**Nd calculated from Sm and Nd ID concentration measurements.

*Values for '*’Sm/'**Nd calculated based on the measured '**Nd/'"**Nd, a chondritic initial "**Nd/"**Nd (Bouvier et al., 2008) adjusted for the
difference in '*Nd/'**Nd measured for the standards in that study, and a closed Sm-Nd system since 4.568 Ga.

“For BCR-2 and BHVO-2, multiple sample aliquots of 50 ng each of Nd and 12-13 ng of Sm were processed and analyzed. The entirety of each
meteorite and Ryugu sample aliquot was processed and measured as a single analysis.

dSmithsonian Allende powder dissolved at EPL. Sm and Nd concentration data from Boyet and Carlson (2005).

°Smithsonian Allende powder dissolved at Tokyo Institute of Technology.

sample dissolution procedures conducted at Tokyo
Institute of Technology included ultrasonication followed
by heating on a hot plate in a mixture of concentrated HF
and HNO; in closed vials for 3—4 days. Samples were dried
and then placed in a mixture of concentrated HNO; and
HCI and heated on a hot plate in closed vials for 12 h.
Samples were then treated with a mixture of HNO; and
H,0, to decompose organic matter. A small aliquot (~1%)
of the dissolved sample solution was saved for
determination of the '¥’Sm/'*Nd ratio of each sample (see
the Determination of '*’Sm/'**Nd Ratios Section). We
cannot exclude that chemically resistant solar or presolar
grains, for example SiC, survived this procedure, which can
potentially affect isotopic anomalies for elements that
would be present in significant quantities in those grains.
The REE fractions of the Ryugu and meteorite
samples from an initial chromatography procedure at
Tokyo Institute of Technology were shipped dry to EPL,
where they were redissolved in a drop of concentrated
HNO;, dried, and then redissolved in the loading acid in
preparation for column chemistry. A three-column
procedure was used to purify Nd and Sm for analysis.
The first two columns were run in tandem to remove Ce
and separate Nd. The third column was necessary to
provide a sufficiently clean fraction of Sm free of isobaric
interferences from neighboring rare earth elements.

Column procedures were calibrated and tested for
element yield and isotope fidelity using two basaltic
geological reference materials, BCR-2 and BHVO-2, as
well as a powdered bulk sample of Smithsonian Allende
Reference Powder. These reference materials were
digested at EPL. For the geological reference materials,
approximately 15 mg of sample powder was dissolved in
capped 15 mL Savillex PFA vials in a 2:1 mixture of
concentrated HF:HNOj; on a hot plate at 120°C for 48 h.
The samples were then evaporated to dryness and treated
twice with concentrated HNO; to eliminate fluorides.
When dry from the second HNO; treatment, the samples
were treated with a few drops of concentrated HCI
and dried down. The samples were then dissolved in
2 mL of 6 M HCI and allowed to sit on the hot plate
capped overnight. For the Allende reference material,
approximately 50 mg of sample powder was digested in a
3 mL Savillex PFA beaker within a Parr bomb in a 2:1
mixture of concentrated HF:HNO; at 190°C for 7 days
followed by treatment with concentrated HNO3;,
evaporation to dryness, and treatment with 6 M HCI to
eliminate fluorides.

Aliquots consisting of ~6 mg of material were then
dried down and redissolved in the acids used for loading
onto the first column. For the samples dissolved at EPL,
the REE were first separated as a group using 2 mL of
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AG50W-X8 cation exchange resin in a Bio-Rad 0.8 cm
diameter by 3.8 cm long Poly-Prep column. After
digestion, the sample was dissolved and loaded onto the
column in 2.5 M HCI after which the major elements
were eluted in additional 2.5 M HCI and the REE eluted
after switching to 6 M HCI. The equivalent of
approximately 2 mg of material of the geological samples
was loaded onto the next column for calibration. This
amount of material was larger than the mass of the
unknown samples but provided enough material to
accurately calibrate and test the columns for sample sizes
of ~50 ng of Nd and ~12 ng of Sm. Allende was then
used to test a bulk composition and sample size (~12 ng
of Nd, ~3.8 ng of Sm) that more closely resembled the
Ryugu samples. The procedural blanks for sample
dissolution and REE chemistry conducted at Tokyo
Institute of Technology varied from 2.7 to 4.9 pg of Nd
and 0.51 to 0.73 pg of Sm. At EPL, Nd blanks measured
during the column development phase ranged from 16 to
45 pg. A single Sm blank measurement was 1 pg. These
blank levels were negligible compared to the 7-18 ng of
Nd and 2-6 ng of Sm per sample that were processed for
isotopic analyses of the meteorite and Ryugu samples.

Nd Separation

Nd was separated using a modified version of the
tandem-column procedure detailed in Wang and
Carlson (2022). This method consisted of a Ce oxidation
column and a DGA column run jointly with the Ce
oxidation column positioned above the DGA column
reservoir. These column procedures previously have been
shown to limit isotopic variability in Nd induced by ion-
exchange column effects (Wang & Carlson, 2022). Resin
cleaning and conditioning steps were completed separately
for each column before placing the columns in this
configuration. For the Ce oxidation column, 0.5 mL of Ln
resin (50-100 pm, Eichrom) was loaded in a Bio-Rad Mini
Bio-Spin polypropylene column. A solution of 10 M
HNO;-20 nM NaBrO; was used to oxidize Ce** to Ce**:
the oxidized Ce was absorbed onto the Ln resin, while
trivalent REEs passed through the column. This allowed a
Ce-free eluent to drip onto the DGA column below. The
resin bed was cleaned with 5 mL of 6 M HCI, 2 mL of
18 MQ H,0, and 6 mL of 10 M HNOs, followed by 2 mL
of 10 M HNO5-20 nM NaBrO; for conditioning.

For the DGA column, a Muromac polypropylene
Mini-column S was filled with 1 mL of DGA-N resin
(50-100 pm, Fichrom). A top frit was used to pack the
column and prevent the DGA-N resin from floating in
the high normality HNO;. This top frit also inhibited
resin disturbance as drops fell into the reservoir from the
above column. The resin bed was cleaned with 30 mL of
0.05 M HCI and 5 mL of 18.2 MQ H,O, followed by
6 mL of 10 M HNOs for conditioning.

The samples were loaded in 0.5 mL of 10 M HNOs-
20 nM NaBrO;, which was made fresh on the day the
procedure was performed. LREEs were eluted with 3 mL
of 10 M HNO3-20 nM NaBrOs;, and this eluent dripped
into the reservoir of the DGA column below. After this
step, the Ce oxidation column was removed and Nd was
purified using only the DGA column. Na, Ba, and any
remaining matrix elements were eluted with 10 mL of
3 M HNOs;. La and Pr were eluted with 14 mL of 2.5 M
HCI. Nd was eluted and collected with 15 mL of 2.5 M
HCI, followed by 1 mL of 1 M HCI. Sm was then eluted
and collected in 8§ mL of 0.1 M HCI. The initial DGA
column did not produce a sufficiently clean Sm fraction,
so the Sm fraction was processed on an additional
column. The Nd fractions were dried down and treated
with concentrated HNO; in preparation for filament
loading. The Sm fractions were dried, treated with
concentrated HNO; to remove any organics from the
DGA resin, dried again, and dissolved in 0.1 mL of
0.45 N HCl in preparation for the final column.

Sm Separation

The final column used Ln resin (20-50 pm, Eichrom)
to separate the Sm from any remaining Nd and HREEs.
The column was 8 cm in height and 4 mm in diameter,
which equated to approximately 400 mg of dry resin. The
resin bed was cleaned with ~20 mL of 0.5 M HCI,
followed by ~20 mL of 6 M HCI; the resin was
subsequently conditioned with 3.5 mL of 0.45 M HCI.
The samples were loaded in 0.1 mL of 0.45 M HCI. After
two 0.1 mL rinses with 0.45 M HCI, any remaining Nd
was eluted with 2.5 mL of 0.45 M HCIL. Sm was then
eluted and collected in 3.5 mL of 0.45 M HCI. The Sm
fractions were dried and treated with concentrated HNO;
prior to filament loading. Additional tests were run using
the AMES Sm, BHVO-2, and Allende standards to
ensure that the column procedure did not induce isotopic
fractionation of Sm (Table S1).

Mass Spectrometry (TIMS)

Filament Loading

After column separation and treatment with HNO3,
the Nd and Sm fractions were redissolved in a microliter
or two of 3 M HCI and loaded onto pre-degassed zone-
refined Re filaments in a double filament assembly. The
samples were loaded in the middle third of the filament
between melted Parafilm dams to prevent samples from
spreading across the filament. Filaments were held at
0.6 A during sample loading. Nd samples were loaded
followed by 1 pL of 0.035 M H3PO,4 solution. Once
samples were dried at 0.6 A, the current was increased
slowly until the filament glowed dull red for a second at
approximately 2 A before being turned down. For both
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Days After Amplifier Installation

Days After Amplifier Installation

FIGURE 1. The electronic baseline (left) and the change in relative gain (right) performed with 10'* Q amplifiers using the 3.3 pA
calibration board from the time of amplifier installation through the time of Ryugu sample analyses. The change in relative gain is
calculated by dividing the individual amplifier relative gains returned from the gain calibration procedure by the average of all the
relative gains reported for that amplifier during the time window of these measurements. Dashed lines separate the periods of
amplifier equilibration, initial standard analyses, meteorite analyses, and Ryugu sample analyses. Standards were also measured
throughout the meteorite and Ryugu sample analysis periods. The factory installed ninth amplifier used in this study, which was in
the amplifier housing since delivery and installation in February 2019, had somewhat different baseline and gain values and is not
shown in this figure. Its average baseline was —13 pV with a total drift of 6 pV over the time window shown in this figure, and its
change in relative gain closely matched those of the other amplifiers. (Color figure can be viewed at wileyonlinelibrary.com)

Nd and Sm, the entire aliquot for each meteorite and
Ryugu sample was loaded onto one filament due to the
small sample sizes.

Mass Spectrometry Methods

The Nd and Sm isotopic compositions were
measured statically using nine Faraday cups, all equipped
with 10"* Q amplifiers, on the EPL Triton XT thermal
ionization mass spectrometer (TIMS). The newly
installed 10"* Q amplifiers were allowed to equilibrate for
approximately 2 months before analyses began. Amplifier
decay constants were then measured by jumping from
peak tops of 1 pA to background with the amplifier time
constant corrections adjusted so that the signal on all
Faraday cups returned to within +0.05% of background
within 10 s. Calibration of the amplifier gains used a
3.3 pA calibration source followed by 20 min of baseline
at the end of the gain calibration procedure (Figure 1). In
order to minimize the consequences of the long decay
times of the high-gain amplifiers, these gain and
background values were used for all sample and standard
measurements that day so that once the static signal
analyses began, the ion beams were not moved from their
respective Faraday cups until the analysis was complete.
The meteorite and Ryugu samples were measured in
four different sample batches: meteorite Nd analyses,
meteorite Sm analyses, Ryugu Nd analyses, and Ryugu
Sm analyses. Each sample batch was run in its entirety

on a single day of measurements, and standards were
measured alongside samples during each analytical run.

For Nd, samples and standards were run with the
"INd* signal below the 5 pA limit of the amplifiers with
a target of 270 ratios taken with 8 s signal integrations.
Not all samples ran for this duration. Table S1 includes
the average signal size and number of ratios measured for
each sample. Neodymium isotopic compositions are
corrected for mass fractionation to "**Nd/'"*Nd = 0.7219
assuming the exponential law. No residual correlations
were seen between any fractionation corrected Nd isotope
ratio with the raw measured '**Nd/"**Nd ratio indicating
that the runs were following the expected exponential
mass fractionation. Several standards (JNdi-1) were
included within each sample barrel. Over the eight barrels
involved in the sample analyses, 17 analyses of JNdi-1
were measured (Table S1). These analyses showed 2
SE uncertainties of 15, 13, 10, 16, and 21 ppm for
42N/ 1MNG, INA/MNG, NN, NG NG,
and "Nd/'Nd, respectively. Potential interferences
from Ce and Sm were monitored at m/z = 140 and 147,
respectively. The measured '*°Ce/"**Nd and '"*"Sm/'**Nd
ratios for each sample are reported in Table S1.

Sm analyses involved signal sizes of '**Sm™ targeted at
1 pA and 270 ratios taken at 8 s of signal integration. None
of the meteoritic or Ryugu samples produced signals of this
duration; the average signal size and number of ratios for
each sample are included in Table S1. Samarium isotopic
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compositions are corrected for mass fractionation using the
exponential law to '*’Sm/"*?Sm = 0.56081. Potential
interferences were monitored at m/z = 146 (Nd) and either
155 or 156. The m/z = 155 signal can include '*Gd™,
13¥91,a1%0%, and '*°Ba'’F*, and all of these have other
isotopic species that interfere with Sm, most prominently
14Sm™*. Whereas LaO™ only interferes at m/z = 154, Gd™
also presents a small interference on ' Sm*
(**Gd/'™Gd ~ 0.09), and BaF" presents a relatively small
interference on '*3Sm* (*°Ba/"*°Ba ~ 0.014). CeO* is
another potential interference for '*>Sm™ and '**Sm* but
can be monitored only at m/z = 156 and 158. Besides
140Ce!%0*, m/z = 156 also potentially includes '**Gd* and
B'Ba'F*, but only minor isotopologues of LaO"
("*®*La'®0* and La'’0O%). All early analyses monitored
mass 155, but concern over the possible contribution of
CeO" and lack of evidence for LaO" led us to shift the
interference monitor to m/z = 156 before the analyses of
Orgueil and all the Ryugu samples, as well as the last few
runs of AMES and BHVO (Table S1). In TIMS analysis,
the signal sizes of Sm and the various potential interfering
species varied independently during the course of each
analysis such that the ratio of the m/z = 155, 156 signal, if
present, to m/z = 152 signal would change throughout the
run. When the interferences were significant, before
correcting for the interference measured at m/z = 155 or
156, some samples displayed a strong correlation between
the 154/152 and 155/152 or 156/152 ratios during the
analysis. Because the ratios 154/155 or 154/156 for the
potential interfering species are considerably different, the
choice of interfering species was determined by selecting
which correction removed the correlation between 154/152
and 155,156/152 ratios. For example, for the interferences
detected at m/z = 155, the proportional contributions
to the m/z = 154 signal relative to the m/z = 155 signal are
0.0009 for **La'®O*/'¥La'®0™, 0.147 for '"*Gd*/'*Gd*,
and 0.839 for '*°Ba'’F*/"*°Ba'’F*. For interferences
detected at m/z = 156, these ratios are 0.106 for
134Gd+/1%6Gd*, 0.0028 for '*¥Ce'®0*/'°Ce!®O*, and 0.588
for 'Ba”F*/"*"Ba'®F*. A good example of how this
correction was done is the analysis of Murchison where the
155/152 ratio was near zero for the first 40 ratios but
gradually rose to a peak of 0.012 at ratio 120 after which it
declined rapidly. Before applying an interference correction,
the fractionation corrected 154/152 ratio rose from 0.850 at
the beginning of the run to 0.861 at ratio 120. No other Sm
isotope ratio showed a resolved correlation with 155/152.
Assuming that mass 155 was either **La'®O* or '°Gd*,
and applying a correction to mass 154 on that basis, did
not remove the 155/152-154/152 correlation. In contrast,
assuming m/z = 155 was '*°Ba'’F* and applying an
appropriate correction based on standard Ba isotopic
composition, the 155/152-154/152 correlation was
eliminated resulting in corrected average '>*Sm/'>’Sm of

0.8510 &= 0.0005 (20) for the first 10 ratios and
0.8510 4 0.0008 for the average of the 10 ratios centered
around ratio 120.

We tested this interference correction procedure by
running AMES Sm doped with small amounts of Gd and
Ba. In each case, the correct interfering species was
identified through the 154/152 versus 155,156/152
correlation resulting in interference corrected isotopic
compositions that overlapped within uncertainty with
those measured for the AMES standard (see Table S1). In
all cases where a correlation was seen between 154/152
and 155,156/152, except for Alais and two of the BHVO-
2 analyses, the correlation was removed by assuming that
the interfering species was solely BaF*. For Alais and
two of the BHVO-2 analyses, no solution could be found
that effectively removed the observed correlation between
154/152 and 155/152 suggesting that CeO" might have
been present during these analyses along with BaF™,
leading us to switch the interference monitor to mass 156.
As a result, the uncertainties on the '>*Sm/'>?Sm ratios
for these analyses are considerably higher than in the
other analyses. In addition, the reproducibility of
199m/1?Sm and '°°Sm/'*?Sm for the five analyses of
BHVO-2 is at least five and eight times, respectively,
higher than the reproducibility achieved on three analyses
of BCR-2, and the 16 analyses of the AMES Sm
standard, suggesting that an uncorrected interference
from CeO" on '**Sm™ may have been propagated into
these ratios as a result of the fractionation correction.

All the data measured in this study are reported in
Table S1 with the reduced data for the meteoritic and
Ryugu samples reported in Table 2 of the text. The
ratios in Table 2 are expressed as the part per million
(p) deviations from the average value of all the standards
measured during the sample analyses. p'Nd =
[(Nd/"*Nd)sampie/(Nd/" **Nd)andaara—1] x 10° and
pism = [(ism/lstm)sample/(ism/lstm)standard_l] X 106
The p'**Nd, data in Table 2 are the p'**Nd values that
have been corrected for radiogenic '**Nd variations
resulting from '**Sm decay to a value corresponding to the
average chondritic value of '*Sm/"Nd = 0.1960
(Bouvier et al., 2008) and are simply referred to as p'**Nd
or "*Nd/"*Nd ppm throughout the remainder of the text.

Determination of '¥’Sm/'**Nd Ratios

The '"Sm/'**Nd ratio of each sample except the
Allende powder dissolved at EPL was determined at
Tokyo Institute of Technology by the isotope dilution
(ID) technique (Kagami & Yokoyama, 2016). In brief, a
mixed spike enriched in '**Nd (91.73%) and '¥Sm
(97.68%) was added to a small aliquot (~1%) of the
decomposed sample solution that was conditioned in
0.5 M HNOs;. The "¥Nd/'**Nd and "*Sm/'*’Sm ratios
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in the spiked samples were then measured by inductively
coupled plasma mass spectrometry (ICP-MS: iCAP
TQ, Thermo Fisher Scientific) without chemical
separation. Data were acquired in the SQ non-gas mode
with 10 ms integration/mass, 100 sweeps/run, and 30
runs/measurement. Instrumental mass bias was corrected
by repeated measurements of a mixed REE standard
solution (XSTC-1, SPEX). The typical analytical
uncertainty of the "’Sm/'**Nd ratio was ~1% (2SE).
The accuracy of the procedure was confirmed by
measuring the Sm-Nd ratio of a reference rock sample
(BHVO-2), which agreed with literature data (Jochum
et al., 2016) within +1%.

RESULTS

The average values measured for JNdi-1 using the
techniques described here differ somewhat from higher
precision data measured dynamically on much larger
signals using 10" Q amplifiers (e.g., Garcon et al., 2018),
showing '**!*Nd/'**Nd ratios elevated by 75-80 ppm
and ' 198IO0NG/MNd  ratios lower by 45-58 ppm,
although the average value measured here overlaps
within 2 SDs of the higher precision data. Analyses of the
geological standards BCR-2 and BHVO-2 show Nd
isotopic compositions similar to the average obtained for
JNdi-1 where the 2-sigma mean uncertainty for multiple
measurements of these standards were 11-21 ppm for
M2Nd/'"Nd, and 32-52 ppm for '"°Nd/'**Nd for
BHVO-2 and BCR-2, respectively. Both geological
standards returned slightly high (22-34 ppm) averages
for '*Nd/'**Nd, but the average of "**Nd/"**Nd for both
standards differed from the JNdi-1 average by only
—3 ppm. Samarium data for the geological standards
overlap within uncertainty with the averages obtained for
the AMES Sm standard although the reproducibility for
BHVO-2 is considerably poorer than for BCR-2 as a
result of the interference correction issues mentioned
previously.

All meteorites analyzed here show deficits in
12N d/"**Nd compared to terrestrial Nd, although four of
the seven analyses overlap the terrestrial standard value
within uncertainty (Figure 2 and Table 2). Our data agree
with previous measurements that found no clear '**Nd
isotopic heterogeneity among carbonaceous chondrites
for p'*Nd, although Fukai and Yokoyama (2017)
showed that even within errors, p'**Nd in bulk
carbonaceous chondrites correlates with p'**Nd and
u'°Nd following an s-process mixing line, hinting at the
presence of barely resolvable nucleosynthetic anomalies.
The weighted mean of the meteorite data measured here
shows only '**Nd/'"*Nd (—48 + 15 ppm, 2 sigma mean)
and '"Nd/'"**Nd (37 + 21 ppm) to be resolved from the
terrestrial standard. For unclear reasons, the Nd analysis

¢ Ryugu A Samples
ORyugu C Samples

® Carbonaceous Chondrites
(This Study)

m Geological Reference
Materials (This Study)

O Carbonaceous Chondrites
(Literature)

OEnstatite Chondrites
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¢ Ordinary Chondrites
(Literature) ) )
-200 -150 -100 =50 0 50
u142Nd

FIGURE 2. The pMZNd compositions of Ryugu “A” (solid red
diamonds) and “C” (open red diamonds) samples,
carbonaceous chondrites (black circles), and geological
reference materials (black squares) from this study and ordinary
chondrites (white diamonds), enstatite chondrites (white
squares), and carbonaceous chondrites (white circles) from
previous studies (Andreasen & Sharma, 2006; Boyet et al., 2018;
Bouvier & Boyet, 2016; Boyet & Carlson, 2005; Burkhardt
et al., 2016; Carlson et al., 2007; Frossard et al., 2022; Fukai &
Yokoyama, 2017, 2019; Gannoun et al., 2011; Johnston
et al., 2022; Saji et al., 2020). The data from this study and most
previous studies are corrected for '*°Sm decay to an average
chondritic ¥Sm/"*Nd = 0.1960 (Bouvier et al., 2008). The
gray shaded regions indicate the 2SD of our repeated
measurements of the BCR-2 standard (£21 ppm) and the
average 2SD of previous measurements (+5 ppm). (Color figure
can be viewed at wileyonlinelibrary.com)

of Alais was plagued by a small signal, short duration
run, and significant interference from Ce resulting in
increased measurement uncertainties. No other meteorite
sample was compromised to this extent. The Ryugu
samples similarly all show deficits in '**Nd/"**Nd, with
only one sample (C0108) not resolved from the terrestrial
standard. The weighted mean of the Ryugu samples
shows significantly low p'**Nd (=75 + 40) and elevated
p'*°Nd (80 + 36) relative to the terrestrial standard.

For the Sm data, none of the meteorites or Ryugu
samples show '**Sm/!'*?Sm resolved convincingly from the
terrestrial standard given their uncertainties. The most
obvious isotopic contrast is in the ratios of "**1°°Sm/'>*Sm
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for some samples that show deficits in "*’Sm and excesses
in *°Sm as expected for neutron capture on '**Sm. This is
most obvious in the two CI chondrites measured here
(Alais, Orgueil, Table 2) and less so in the Ryugu samples
where three of the four samples have resolved deficits in
'9Sm and all four have resolved excesses in '*°Sm.
Calculating the weighted means for the “A” and “C”
Ryugu samples separately suggests that the “A” samples
may have larger effects (p'*Sm = —110 + 55, p'*’Sm =
193 + 165) than the “C” samples (u'*Sm = —38 + 58,
p'*%Sm = 142 + 187), though the data overlap within
uncertainty (Table S1).

DISCUSSION
Nd Isotopic Compositions

Ordinary, enstatite, and carbonaceous chondrites
exhibit deficits in '**Nd/'**Nd compared to modern
terrestrial rocks (Andreasen & Sharma, 2006; Bouvier &
Boyet, 2016; Boyet & Carlson, 2005; Boyet et al,
2018; Burkhardt et al., 2016; Carlson et al., 2007; Frossard
et al, 2022; Fukai & Yokoyama, 2017; Gannoun
et al., 2011; Johnston et al., 2022; Saji et al., 2020). This
deficit is accompanied by elevated '*Nd/'*Nd,
"Nd/'"Nd, and ""°Nd/"Nd ratios, indicating that the
negative p'**Nd of the chondrites are best interpreted as
nucleosynthetic in origin, reflecting a deficit in s-process Nd
isotopes in all chondrites, and especially carbonaceous
chondrites, compared to terrestrial Nd. Carbonaceous
chondrites measured in previous studies exhibit an average
p'**Nd deficit of ~30 ppm. The carbonaceous chondrites
measured here range to more negative values but overlap
with previous higher precision measurements within the
larger analytical uncertainties associated with the low
amounts of Nd measured here (Figure 2 and Table 2). The
data for Orgueil and Tagish Lake measured here
(R'"Nd = —73 + 38, —76 + 42, respectively) compare to
—28 + 12 reported by Carlson et al. (2007) for Orgueil
and —18 + 5 for Tagish Lake reported by Fukai and
Yokoyama (2017), reflecting the tendency of the data
measured here toward larger apparent deficits in '**Nd than
reported previously for the same meteorites. The cause of
this is unclear. Possible causes include the high '**Nd/'*Nd
measured here for the JNdi-1 standard (Table S1), although
the p'**Nd values measured here for BCR-2 and BHVO-2
are offset from the JNdi-1 value by only 3 ppm, or that the
dissolution of the meteorites did not completely dissolve s-
process-rich presolar Si-carbide.

Three of the Ryugu samples exhibit p'**Nd deficits
that are resolved from zero while one value is negative
but overlaps with zero within analytical uncertainty. All
four Ryugu samples overlap within analytical
uncertainties with carbonaceous chondrite compositions

(Figure 2 and Table 2), but show a similar tendency
toward lower '**Nd/'"*Nd as do the meteorite data. The
weighted mean of all four Ryugu analyses shows
p'Nd = —75 + 40, again suggesting a larger '**Nd
deficit in Ryugu compared to carbonaceous chondrites,
though the difference is not resolved within analytical
uncertainties. The tendency of several of the meteorite
analyses measured here toward lower p'**Nd than higher
precision data reported previously for larger sample
measurements of the same meteorites cautions against
overinterpretation of the significance of the more negative
p'4?Nd in the Ryugu samples.

The larger analytical uncertainties associated with
measuring small amounts of Nd preclude a higher
resolution comparison between Ryugu samples and specific
carbonaceous chondrite groups (i.e., CI chondrites), but
nevertheless these results indicate a genetic relationship
between Ryugu samples and carbonaceous chondrites,
which is consistent with other isotope systems such as Ti
and Cr (Yokoyama et al., 2023), Fe (Hopp et al., 2022), Cu
and Zn (Paquet et al., 2022), Ca (Moynier et al., 2022), and
O (Kawasaki et al., 2022; Yokoyama et al., 2023).
Although the data for Allende and Murchison show small
resolved excesses in '*Nd/'*Nd, the 'Nd/"Nd and
¥Nd/"*Nd ratios measured for all Ryugu samples are not
resolved from the terrestrial standard, but the four Ryugu
samples average to a weighted mean of u'*Nd = 80 + 36,
compared to a weighted mean of p'**Nd of 45 + 60 for the
carbonaceous chondrites measured here. These compare
with higher precision carbonaceous chondrite data
measured on larger amounts of Nd that have p'*Nd
ranging from 0 to 60, with an average of 26 + 7 reported
by Fukai and Yokoyama (2017). Although the
uncertainties are large, the p'*Nd and p'*°Nd data for
Ryugu and the carbonaceous chondrites measured here
scatter along the r-, s-process mixing line defined by higher
precision measurements of leaches of Orgueil (Frossard
et al.,, 2022; Figure 3). These results provide further
evidence of a genetic relationship between Ryugu and
carbonaceous chondrites and may suggest a slightly larger
s-process deficit in Ryugu compared to carbonaceous
chondrites, although the uncertainties of the Ryugu data do
not resolve that difference.

147.146Q143:192Ng Systematics

The isotope '*’Sm decays to '**Nd with a half-life of
106 billion years, and the now extinct '*Sm decays to
12Nd with a half-life of 103 million years. Both have been
used extensively as chronometers for early Solar System
materials (e.g., Lugmair & Marti, 1977; Sanborn et al.,
2015). On a '¥Sm-'¥Nd isochron diagram, ordinary
chondrites, enstatite chondrites, and carbonaceous
chondrites scatter along a 4.568 Ga isochron (dashed black
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FIGURE 3. (a) p'**Nd versus u'**Nd and (b) p'**Nd versus
p'Nd for Ryugu “A” (solid red diamonds) and “C” (open
red diamonds) samples and carbonaceous chondrites (black
circles) from this study and CC (open blue circles) and NC
(open red circles) meteorite group averages (Burkhardt
et al., 2016; Frossard et al., 2022; Fukai & Yokoyama, 2017,
2019; Render & Brennecka, 2021; Saji et al., 2020) and the
CAI average (yellow triangle; Brennecka et al., 2013; Bouvier
& Boyet, 2016; Burkhardt et al., 2016; Shollenberger
et al., 2018) from previous studies. The dashed r-, s-process
mixing line represents high-precision measurements of leaches
of Orgueil (Frossard et al., 2022). (Color figure can be viewed
at wileyonlinelibrary.com)

line, Figure 4). Using the Sm-Nd ratios measured by
isotope dilution ICP-MS (Determination of '*’Sm/'*Nd
Ratios Section) the carbonaceous chondrites and Ryugu
samples measured in this study also scatter along this line

within their analytical uncertainties and within the range
defined by chondrites (Figure 4). One chondrite sample
(Allende) plots substantially to the left of the chondrite Sm-
Nd correlation as a result of its low '*’Sm/'**Nd (0.188)
compared to its "*Nd/'**Nd that overlaps the high end of
the range displayed by chondrites. While these results do
not allow definition of a precise 'Y’Sm-'**Nd age for
Ryugu, all four samples plot within the field of chondrite
data that are consistent with a 4.568 Ga age. Given the
limited spread in Sm-Nd and overlapping '**Nd/'*Nd
for the four Ryugu samples, no significant chronological
information can be extracted from the '*°Sm-'**Nd data.

Sm Isotopic Compositions and CRE

Carbonaceous chondrites display depletions in the
pure p-process '**Sm of order 100 ppm compared to
terrestrial Sm (Andreasen & Sharma, 2006; Carlson
et al., 2007). Samarium-144 is a low abundance isotope
(~3%). The external reproducibility on the "**Sm/'**Sm
ratios measured here is provided by the repeat analyses of
the geological standards BHVO-2 and BCR-2 obtained
on similar ion signal sizes as the samples. The 2 sigma
mean uncertainties, in ppm, are 139 (BHVO-2; n = 5)
and 230 (BCR-2; n = 3), respectively. Given these
uncertainties, we cannot convincingly resolve a deficit in
“Sm of ~100 ppm in any of the meteorite or Ryugu
samples analyzed here.

Extraterrestrial ~ materials have experienced
irradiation with solar and galactic cosmic ray particles
that can create isotopic variations in the near surface of
airless bodies through spallation and neutron caption
reactions with nuclei within the body (e.g., Eugster
et al., 2006; Leya et al., 2000; Lingenfelter et al., 1961;
Spergel et al., 1986). Samarium, together with Gd, have
played key roles in cosmic ray irradiation studies of
extraterrestrial rocks as dosimeters of secondary neutron
capture. For Sm, the significant nuclear reaction is
capture of thermal and epithermal neutrons by '*Sm to
create 1°°Sm (e.g., Hidaka et al., 2017; Russ et al., 1971)
resulting in lowered '**Sm/'>?>Sm and correspondingly
elevated '°°Sm/'>*Sm. The largest previously measured
deficit in "*Sm in carbonaceous chondrites was observed
in the CI chondrite Orgueil (p'*Sm = —233 + 13;
Carlson et al., 2007). The CI chondrites measured in this
study, Orgueil (u'*Sm = —235 +£47) and Alais
('"¥Sm = —169 + 54) show larger '**Sm deficits than
the CV, CM, and ungrouped chondrites, with the largest
199Sm deficit exhibited by Orgueil, which overlaps with
the value from Carlson et al. (2007; Figure 5). The CV,
CM, and ungrouped chondrites measured in this study
exhibit p'¥Sm values that overlap with previous
carbonaceous chondrite measurements and with zero
within the analytical uncertainties (Figure 4 and Table 2).
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FIGURE 4. "’Sm-!'**Nd isochron diagram including data for Ryugu “A” (solid red diamonds) and “C” (open red diamonds)
samples and carbonaceous chondrites (black circles) measured in this study and ordinary chondrites (white diamonds; Bouvier
et al., 2008; Boyet & Carlson, 2005; Fukai & Yokoyama, 2017), enstatite chondrites (white squares; Bouvier & Boyet, 2016;
Bouvier et al.,, 2008; Boyet & Carlson, 2005), and carbonaceous chondrites (white circles; Bouvier et al., 2008; Boyet &
Carlson, 2005; Fukai & Yokoyama, 2017) from previous studies. The black dashed line is a 4.568 Ga chondrite isochron
(Bouvier et al., 2008). (Color figure can be viewed at wileyonlinelibrary.com)

Three of the Ryugu samples (A0106, A0106-A0107, and
C0107) exhibit negative u'*’Sm values that are resolvable
from zero and within the range of carbonaceous
chondrites, while the fourth (C0108) has a smaller p'*’Sm
deficit that overlaps within uncertainty with zero as well
as with the data for two of the other Ryugu samples. The
data for C0108 have larger than normal uncertainties
because of a run marked by small signal size, limited
duration, and significant signal at the mass 156
interference monitor (Table S1). Although C0108 has a
near-zero p'*Sm, its p'*°Sm shows the largest excess of
the Ryugu samples, suggesting that its irradiation history
is more akin to the other three Ryugu samples than is
suggested by its relatively small deficit in '**Sm.

Capture of neutrons by elements in meteorites that
have high neutron capture cross sections can be used to
characterize the irradiation and exposure history of
meteorite parent bodies. In the case of Sm, the large
thermal neutron cross section of '*’Sm facilitates the
formation of the stable isotope '*°Sm. The measurement of
150Sm/"°Sm therefore enables the estimation of the
neutron fluence experienced by samples (e.g., Hidaka
et al., 2000, 2009; Lingenfelter et al., 1972; Russ
et al., 1971). The Sm isotopic composition of a sample in
combination with its Gd isotopic composition can also
potentially yield information regarding the composition
and size of the parent body and the original depth of a
meteorite sample on the parent body because neutron
production rates and their energy distribution depend on

depth and the target material composition. Because the
peaks in neutron capture cross sections for '*Sm
(0.0973 eV) and '"'Gd (0.0314 eV) occur at different
neutron energies, the magnitude of isotopic changes to Sm
and Gd in samples that have experienced CRE can be used
to estimate the energy spectrum of the neutrons, and hence
the depth in the body where the neutron exposure occurred
(e.g., Hidaka et al., 2017). Unfortunately, we were not able
to obtain Gd isotopic data for the Ryugu samples, so we
have no information on the neutron energy spectrum
experienced by these samples and can only estimate the
total integrated neutron flux experienced by the samples
studied here. The '*°Sm/'*>Sm and '"*Sm/!'**Sm ratios for
the carbonaceous chondrites and Ryugu samples measured
in this study fall along a correlation line resulting from
changing one atom of '*Sm to '*°Sm (Figure 6), indicating
that these isotopic variations are the result of thermal
neutron capture on '¥Sm from the exposure to galactic
cosmic rays. Neutron fluence can also modify the Nd
isotopic composition of samples, but this effect is too small
to alter the Nd isotopic compositions reported here beyond
the analytical uncertainties.

To calculate the neutron fluence y (expressed as
neutrons per cm?) experienced by the samples studied
here, we use the relationship between y and p'*’Sm
expressed by the equation

y=(—=1.0x 107° x p*Sm) /o149,
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FIGURE 5. The p'*Sm compositions of Ryugu “A” (solid red diamonds) and “C” (open red diamonds) samples, carbonaceous
chondrites (black circles), and geological reference materials (black squares) from this study and carbonaceous chondrites (white
circles; Boyet & Carlson, 2005; Carlson et al., 2007), enstatite chondrites (white squares; Bouvier & Boyet, 2016; Boyet &
Carlson, 2005; Carlson et al., 2007; Frossard et al., 2022), and ordinary chondrites (white diamonds; Boyet & Carlson, 2005;
Carlson et al., 2007; Frossard et al., 2022) from previous studies. (Color figure can be viewed at wileyonlinelibrary.com)

where p'*’Sm is the measured value for the sample and
G149 the thermal neutron capture cross section (oy,) of
Sm. We assume a constant rate of cosmic ray
irradiation and use o = 4.014 x 1072° cm?
(Mughabghab, 1984), which is lower than the purely
thermal neutron capture of 4.0511 x 1072° cm? in order
to approximate the effects of shielding depth and bulk
composition on the neutron energy spectrum where the
neutron capture occurred (e.g., Hidaka et al., 2000).

The calculated neutron fluence values for each sample
studied here are shown in Table 3 and Figure 7. There is
much overlap between the Ryugu samples within the
uncertainties, but generally the “A” samples record a larger
neutron fluence (“A” average = (2.75 &+ 1.94) x 10"
ncm 2 than the “C” samples (“C” average =
(0.95 + 2.04) x 10" n cm~?). Although both “A” and “C”
samples were collected from the surface of Ryugu, the “C”
samples were collected from near the area excavated by the
cratering experiment and hence could contain material
originally residing at depth within Ryugu. Data from '°Be
abundances in the Ryugu samples have been used to
estimate that the “C” samples record a depth of 50-
120 g cm ™2 while the “A” samples record a depth of <5-
15 g cm™? (Nishiizumi et al., 2022). This corresponds to an
origin just below the surface for the “A” samples and a
depth of 0.7-1.3 m for the “C” samples, which approaches

the 1.7 m depth of the artificial crater (Arakawa
et al., 2020; Nishiizumi et al., 2022; Okazaki et al., 2022),
although this may not be directly comparable to the depth
of origin of the samples measured here for their Sm isotopic
compositions because the “A” and “C” samples measured
in this study are different aliquots than the “A” and “C”
samples measured in previous studies. Additionally, the
differences resolved by '°Be may not be applicable to the
Sm data since the Sm neutron capture integrates exposure
over longer time intervals than does '°Be.

Multiple studies have aimed to constrain the CRE
age of Ryugu. Cratering statistics indicate that materials
shallower than 1 m were mixed vertically over time scales
of 1000-100,000 years (Takaki et al., 2022), much faster
than would be resolved by the Sm data. Analyses of '°Be
abundances of Ryugu samples yielded a minimum '°Be
exposure age of 4.1 Myr (Nishiizumi et al., 2022).
Analyses of 2'Ne abundances yieldled CRE ages of
53 £ 0.9 and 5.2 + 0.8 Myr for the Ryugu “A” and
Ryugu “C” samples, respectively (Okazaki et al., 2022).
By comparison, CRE ages for carbonaceous chondrites
range from 2.2 to 4.5 Myr for CI chondrites (Mazor
et al., 1970), 1.8-3.7 Myr for CM chondrites (Herzog
et al., 1997), 5.2-5.6 Myr for CV chondrites (Scherer &
Schultz, 2000), 5.0-19.2 Myr for CO chondrites (Scherer
& Schultz, 2000), and 4.1 Myr for CR chondrites (Mazor
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FIGURE 6. *°Sm/!'*?Sm versus '**Sm/'*Sm for the Ryugu
“A” (solid red diamonds) and “C” (open red diamonds)
samples, carbonaceous chondrites (black circles), and
geological reference materials (black squares) measured in this
study. The black dashed line is a calculated correlation line
resulting from changing one atom of '“’Sm to '*°Sm. The
solid gray line indicates the correlation line of lunar samples
from Boyet and Carlson (2007). The blue point shows the
high-precision Sm isotopic composition of the AMES Sm
standard that presumably represents the Sm isotopic
composition of the bulk Earth (Carlson et al., 2007). (Color
figure can be viewed at wileyonlinelibrary.com)

TABLE 3. The neutron fluence (y) values for the
samples measured here.

Sample vy (x10"° n cm™?)
Meteorite samples

Allende? 0.75 + 1.34
Allende® 1.10 £ 0.83
Alais 421 + 1.35
Orgueil 5.86 £ 1.17
Murchison 0.13 £ 0.79
Tarda 1.03 + 0.86
Tagish Lake 0.36 + 1.81
Ryugu samples

Ryugu A0106 3.43 + 0.84
Ryugu A0106-A0107 2.06 + 0.68
Ryugu C0107 1.66 + 0.58
Ryugu C0108 0.22 + 2.40

“Allende EPL dissolution.
®Allende Tokyo Institute of Technology dissolution.

et al., 1970). For the carbonaceous chondrites measured
here, the CI chondrites record much larger neutron
fluences than the CV, CM, and C2-ungrouped
chondrites, and these CI chondrite fluence values are
similar to the largest Ryugu “A” sample value (Figure 6).
This comparison is complicated, however, by the fact that
neutron fluence depends significantly on chemical
composition, and chondrites with higher H contents (e.g.,
CI chondrites) will have higher thermal and epithermal
neutron fluence than those with lower H contents (e.g.,
CV chondrites). Although this could indicate similar

Neutron Fluence (n/cm?)

FIGURE 7. Neutron fluence (y) for the carbonaceous
chondrites (black circles) and Ryugu “A” (solid red diamonds)
and “C” (open red diamonds) samples measured in this study.
(Color figure can be viewed at wileyonlinelibrary.com)

parent body origins and exposure histories of CI
chondrites and Ryugu samples, a direct comparison
between meteorite and Ryugu values is complicated
because meteorite exposure history includes the transit
time to Earth.

Using the neutron production rates within stony
meteorites provided by Spergel et al. (1986), thermal
neutron fluences at a depth of 2 g cm ™2 in a body like
Ryugu with percent levels of hydrogen are of order
7% 10" nem?Myr ' and rise with depth to
~35%x 10 nem™2 Myr' at 100 gem 2. Given the
average neutron fluxes for Ryugu “A” samples based on the
Sm data, for a near-surface sample, the calculated exposure
ageis 3.9 £ 2.8 Myr, overlapping the 4.1-5.3 Myr exposure
ages calculated from '°Be (Nishiizumi et al., 2022) and *'Ne
(Okazaki et al., 2022). In contrast to the suggestion from
'0Be data that Ryugu “C” samples contain material derived
from greater depth than “A”, the average neutron fluence
calculated from the Sm measurements in Ryugu “C”
samples is lower, though overlapping within uncertainty, of
the “A” samples, whereas it should be higher if “C” samples
contain material from greater depth than “A” samples.
Using an expected neutron fluence from Spergel et al. (1986)
at the proposed depth of 100 g cm 2 for “C” samples
(Nishiizumi et al., 2022) leads to an exposure age of
0.3 £ 1 Myr for the average “C” samples calculated from
the Sm data. Using these sample parameters, a 4 Myr
exposure age at a depth of 100 g cm™> would be expected to
produce a p'¥Sm = 562, much higher than measured in any
Ryugu or meteorite sample studied here.

We can propose three possible explanations for the
apparent difference in CRE histories calculated from
10Be, 2!Ne, and '*’Sm data. Our preferred explanation is
that the Ryugu samples document a relatively recent
turnover of the surface of the asteroid so that the “C”
samples have a lower exposure age, or an average
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exposure history from shallower depths, than the “A”
samples, even though the “A” samples are known to
sample the current surface of Ryugu. This possibility is
supported by the observation of a lack of a correlation
between solar wind *°Ne and cosmogenic *'Ne in the
Ryugu samples suggesting surface residence ages of less
than a few thousand years for the “A” samples (Okazaki
et al., 2022). This could also be indicative of a similar
process to that seen on the Moon, where the lunar
regolith is well mixed to a depth of ~100 g cm 2 (e.g.,
Curtis & Wasserburg, 1975). The second explanation
notes the strong effect of H on moving the peak in
neutron fluence to shallower depth (e.g., Lingenfelter
et al., 1961), implying that “C” samples could derive from
greater depths than this peak. The fall off, however, in
neutron fluence with depth even in H-rich materials is
slow enough that fluences only diminish to lower than the
surface at depths over ~500 gcm > (Lingenfelter
et al., 1961), much deeper than inferred for the “C”
samples by any data. Third, it must be noted that the
samples measured in this study are different aliquots of
the materials contained in the “A” and “C” chambers of
the Hayabusa2 spacecraft than the “A” and “C” samples
measured in other studies. Consequently, our “C”
samples may be dominated by surface material whereas
the “C” samples analyzed for '°Be and *'Ne may contain
material derived from deeper within Ryugu.

CONCLUSIONS

In this study, we report the Nd and Sm isotopic
compositions of four samples of the Cb-type near-Earth
asteroid (162173) Ryugu. The primary conclusions of this
study are as follows:

1. The analytical techniques utilized in this study
demonstrate the capability to resolve Nd and Sm
isotopic anomalies in small, <20 ng sample sizes of
carbonaceous chondrites and Ryugu samples via
TIMS using 10" Q amplifiers.

2. Ryugu samples exhibit resolvable negative p'**Nd
isotopic compositions that are consistent with the
values measured for carbonaceous chondrites in this
study and previous studies. These results indicate
that Ryugu is genetically related to the parent bodies
of carbonaceous chondrites, which is in agreement
with previous petrologic and isotopic studies.

3. Ryugu samples exhibit resolvable negative p'*’Sm
isotopic compositions that are the result of exposure
to galactic cosmic rays. This is demonstrated by the
correlation between '°Sm/'**Sm and '*Sm/'*’*Sm
ratios that fall along a calculated theoretical
correlation line resulting from neutron capture on
198m to create '*°Sm.

4. The calculated neutron fluence experienced by
Ryugu samples is greater in the “A” samples that
sample near-surface material compared to the “C”
samples that may sample material from depths of
0.7-1.3 m, although the fluences overlap within
uncertainty. The magnitude of '*Sm deficit in “A”
is consistent with an exposure age of 3.9 £+ 2.8
Myr that overlaps the CRE age inferred from the
"Be and *'Ne data for Ryugu samples (Nishiizumi
et al., 2022; Okazaki et al., 2022). The calculated
neutron fluence for “C”, however, is lower than,
but overlapping within uncertainty, that of the
“A” samples, implying either similar depths of
origin for “A” and “C” samples, a lower exposure
age for “C” samples, or a recent overturn in the
near-surface stratigraphy of Ryugu.
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